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oluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins mediate membrane fusion in the cell, and in particular the fusion of vesicles stored at nerve endings to release neurotransmitters for synaptic transmission (1, 2) . The neuronal SNAREs consist of vesicle-associated membrane protein 2 (VAMP2, also called synaptobrevin) on the vesicle membrane (v-SNARE) and the binary complex of syntaxin 1 and SNAP-25 on the plasma membrane (target or t-SNARE) (3, 4) . Together these SNAREs drive membrane fusion by joining into a parallel four-helix bundle (4), which is envisioned to zipper progressively toward the membranes (5), providing force that overcomes an estimated energy barrier of >40 k B T (where k B is Boltzmann's constant and T is temperature) (6) . Considerable indirect evidence favors the zippering hypothesis (7) (8) (9) (10) (11) (12) , but direct observation of the assembly intermediates and accurate characterization of the zippering energy and kinetics have been lacking.
We developed a single-molecule manipulation assay to investigate SNARE assembly based on high-resolution dual-trap optical tweezers (Fig. 1A) . We cross-linked the N termini of syntaxin and VAMP2 by a disulfide bridge and attached syntaxin by its C terminus to one bead and VAMP2 to another through a DNA handle (13) . The experiment was started with a single preassembled SNARE complex containing truncated syntaxin (187-265) and VAMP2 and fulllength SNAP-25 (4, 14) to avoid misassembled SNARE by-products (10, 15) .
The protein-DNA conjugate extended with the increasing pulling force in a nonlinear manner predicated by the worm-like chain model (Fig.  1B and fig. S2 ). However, the monotonic force and extension curves were interrupted by abrupt changes caused by SNARE disassembly or reassembly (Fig. 1C) . Fast reversible transitions appeared in two force regions, the first in the range of 8 to 13 pN with~3-nm average extension change ( Fig. 1D and fig. S3 ) and the second in the range of 14 to 19 pN with~7-nm extension change ( Fig. 1D and fig. S4 ). Both transitions occurred between two states ( fig. S5 and table S1), manifesting two distinct binary switches in SNAREs. When the linker domain (LD) of VAMP2 was deleted, the first transition disappeared, whereas the second transition remained ( fig. S6) . Thus, the first transition is caused by reversible folding and unfolding of the LD alone. The average size of the extension change suggests that a total of 22 (T3, SD) amino acids or 10 amino acids in VAMP2 (83-92) participated in the transition ( fig. S7A ). This observation is consistent with a fully zippered LD in a coiled-coil conformation in solution (Fig. 1B, state 1) as seen in the crystal structure of the SNARE complex (4, 16) . Further deletion into the C-terminal SNARE domain of VAMP2 (Vc) abolished the second transition ( fig. S8 ), which suggests that this VAMP2 region is involved in the transition.
The additional~7-nm extension increase from the LD unfolded state (Fig. 1B , state 2) leads to a partially zippered SNARE state (state 3, Fig. 1E ). To derive the structure, energy, and kinetics associated with this state, we measured the realtime transition involving Vc at different mean forces (Fig. 1D ). The fast two-state transition was confirmed by hidden-Markov modeling (HMM) (17) and the histogram distribution of extension (figs. S5B and S9). On the basis of the measured extension change and an asymmetrical transition model ( fig. S10 ) (18), we found that 26 (T3) amino acids in VAMP2 (57-82) were unzipped in the partial SNARE complex (Fig. 1E ). This places the interface of the unzipped Vc and the zippered N-terminal VAMP2 (Vn) at residue 56 (T5, SD; T1, SEM) or at the central ionic layer of the bundle. This ionic layer is one of the most evolutionarily conserved features of all SNAREs (19) , yet with unclear functions. Thus, our result suggests a possible role of the ionic layer in stabilizing the half-zippered neuronal SNARE structure crucial for regulation of membrane fusion (7, 8, 12, 18, 20) .
The half unfolding probability of Vc ( Fig. 2A ) determines an average equilibrium force ( f eq ) of 17 (T2 SD, n = 76) pN, which can be defined as the maximum force output of Vc zippering averaged over the accompanying extension change. This force is the highest equilibrium force reported for any coiled-coil proteins (17) , including the designed strongest known coiled coil designated as pIL with an equilibrium force of 12.4 pN (21). The unfolding probability could be extrapolated to zero force (14, 17, 22) to reveal the Vc zippering free energy of 28 (T3) k B T, higher than the folding energy of pIL [24 (T1) k B T] despite pIL's greater length (33 amino acids) (21) .
The average Vc zippering rate at the maximum force output (~160 s −1 ) (Fig. 2B) is also greater than the equilibrium rate of pIL (~10 s −1 ) (21). Yet the rate is much less than the estimated SNARE zippering rate of 4 × 10 4 s −1 commensurate with the time required for synaptic vesicle fusion (~60 ms) (23) . However, the Vc zippering rate increases exponentially as the opposing force drops (Fig. 2B) (17) , reaching the required rate for synaptic fusion at a predicted force of 14 pN. This means that a single SNARE complex in principle can generate a high average force of 14 pN during membrane fusion. When further extrapolated to zero force (14) , the Vc zippering becomes downhill and barrierless, with a rate estimated to be~1 × 10 6 s −1 (21) , corresponding to the rate of the coil-to-helix transition and diffusion of the Vc polypeptide (24) . This fast zippering rate is partially attributed to the largely ordered t-SNARE complex that serves as a template for Vc zippering (figs. S10 and S11) (18) . In conclusion, the extraordinarily high force output, energy, and rate qualify Vc zippering as the major power stroke for the fast synaptic fusion (11) .
Similarly, we measured a folding energy of 8 (T2) k B T for LD ( fig. S7 , B and C) with a maximum force output close to that of pIL (~12 pN). An energy barrier of 5 (T2) k B T was derived, corresponding to a zipping rate of 7 × 10 3 (9 × 10 2 to 5 × 10 4 ) s −1 at zero force. LD also strongly and rapidly zippers, which may transduce and augment the Vc zippering energy to drive membrane fusion. LD's zippering rate and energy may be increased by transmembrane domains (25) and proteins such as synaptotagmin and Munc18-1 (3, 26) .
The Vc transition generally ended with an irreversible extension jump of 15 (T1) nm (Fig. 1,   Fig. 1 . S12 ). When immediately relaxed, the SNARE complex first followed a different force-extension curve (FEC) to reach lower force (Fig. 1B) . As the force was lowered to 3 to 10 pN, the complex fully and cooperatively reassembled. The dynamic disassembly and reassembly of a single SNARE complex could be repeated for many cycles of pull and relaxation ( fig. S2 ). However, when the t-SNARE complex was pulled to a higher force (in the range of 15 to 28 pN), one additional irreversible extension jump was observed (Fig. 2C, from states 4 to 5, and fig. S11 ). No more transitions were seen when further pulling to even higher forces (>30 pN), indicating complete unfolding of the SNARE complex (state 5). Thus, this jump may correspond to unfolding of the remaining t-SNARE complex. When relaxed to low forces (<3 pN), a majority (~85%) of syntaxin and VAMP2 conjugates could not reassemble ( Fig. 2C and fig. S2 ), suggesting dissociation of the SNAP-25 molecule.
To further test the dependence of SNARE assembly on SNAP-25, we repeated the above experiment by adding SNAP-25 in the solution. Single SNARE complexes were fully disassembled by being pulled to high forces and then relaxed to detect SNARE reassembly. At 0.2 mM SNAP-25, the ternary SNARE complex could reassemble at a low force (3 to 10 pN) with a probability of~0.8 for each round of relaxation (Fig. 2C) . This reassembly was always followed by formation of the t-SNARE complex in a higher force range (>12 pN). The SNAP-25 molecule in solution could bind to the syntaxin-VAMP2 conjugate and initiate de novo SNARE assembly. Comparing this to the experiment in the absence of SNAP-25 suggests that the binary t-SNARE is required for SNARE zippering (27) . In contrast, the affinity between syntaxin and VAMP2 in the absence of SNAP-25 is minimal and could not be detected in our experiments (Fig. 2C)  (10, 28) .
The assembly and disassembly of the N-terminal domain (NTD) occurred with a large force hysteresis, indicating a large energy barrier for NTD transitions and preventing us from measuring its association energy. To gain insight into NTD's assembly mechanism, we pulled a single SNARE complex from the N-termini of syntaxin and VAMP2 (Fig. 3A) (14) . The SNARE complex unzipped into t-and v-SNAREs (from states 1′ to 3′) in two parallel pathways. About two-thirds of the 53 complexes tested showed one-step unzipping (FECs i and iii), whereas other complexes exhibited two-step unzipping via a transient intermediate state (state 2´). Reversible transitions were often observed between this state and the fully zippered state 1´ (Fig. 3B ) and lasted long enough for the equilibrium transition force and the average extension change to be determined. This partially zippered SNARE complex had Vn unzipped to residue 57 (T3, SEM), or approximately the ionic layer. The Vn domain unzipped at a higher average equilibrium force of 18.5 (T0.4, SEM) pN than Vc from C-terminal pull at 16.7 (T0.2, SEM) pN. In addition, the average extension change of Vn (8.3 T 0.2, SEM, nm) was greater than that of Vc (7.1 T 0.1, SEM, nm). These measurements allow an estimation of the folding free energy of 35 (T4) k B T for NTD assembly in the presence of the preassembled C-terminal domain (CTD) (14, 17) . However, Vn assembled much more slowly than Vc (Fig. 3B) .
The t-SNARE complex again remained intact after VAMP2 was pulled out (Fig. 3, state 3′ ). This complex has a structure similar to those obtained from the C-terminal pull (table S1) . On average, the t-SNARE complex contained 61 (T4) helical amino acids in the syntaxin molecule, suggesting an approximately fully assembled three-helix bundle for the t-SNARE (figs. S10 and S11). Upon relaxation, the ternary complex could reassemble at an average force of 3.2 (T0.2, SEM) pN (Fig. 3, FEC i) , compared to 5.0 (T0.2, SEM) pN from the C-terminal pull. The more force-sensitive assembly of the SNARE complex from the N-terminal pull indicates that initiation of the assembly occurs in NTD (10, 17, 29) .
We suggest a model for three-stage neuronal SNARE assembly through sequential zippering of NTD, CTD, and LD ( fig. S13 ). Overall, SNARE assembly outputs free energy of 65 (T6) k B T (14). This energy is much higher than in previous reports (28, 30, 31) , but justified by our equilibrium measurements required for any thermodynamic quantifications (14) . These measurements lead to the energy landscape of SNARE zippering (Fig. 4) . The CTD zippering energy is enriched at its C-terminal end or in VAMP2 (74-82), leading to a higher local force generation (~34 pN) ( fig. S8) (30) .
The half-zippered state appeared to exist only in the force range of 12 to 20 pN. Below this force range, the state collapsed into the four-helix bundle, consistent with its downhill folding at zero force. Thus, SNARE domain zippering became a two-state process limited by the slow NTD assembly (10, 28) . Above this range, the half-zippered state completely unzipped. The half-zippered state could be further stabilized by synaptotagmin and complexin (12, 18, 20) (Fig. 4) .
The elegant molecular logic of the SNARE complex thus revealed perfectly fits to precise regulation of neurotransmitter release (3), with slow intrinsic assembly of NTD to allow control of vesicle priming by regulatory factors that accelerate NTD assembly, thereby creating the readily releasable pool of neurotransmitters (11) ; an intrinsic pause near the ionic layer stabilized by the repulsion between membranes being forced to fuse to enable clamping by complexin at this stage of zippering (17) ; and unobstructed, fast zippering of CTD and LD to open the fusion pore once the clamp is removed, enabling neurotransmitters to be rapidly released. The pore then expands as the transmembrane domains of VAMP2 and syntaxin dimerize (32) .
